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I. INTRODUCTION
Optical disk drives, such as CD-ROM and DVD drives, are widely used to store various types of information, e.g., text, audio, image or video data. Recently, higher storage density is required to write movie or dynamic image data onto an optical disk because these data are much larger than those of text, sounds or images. According to this trend, the pits of an optical disk become smaller and the track density increases. On the other hand, the rotating speed of an optical disk is also increased for fast data processing.
The tracking and focusing errors should be avoided when writing and reading data on an optical disk. The tracking error is mainly influenced by the in-plane vibration of the feeding deck, while the focusing error is by the out-of-plane vibration. As the track density increases and the pit size decreases, the tracking error becomes a major issue when developing an optical disk drive. The tracking error can be reduced to some extent by the servo control if the vibration level of the feeding deck is relatively low. However, if the feeding deck has excessive vibration, the error cannot be overcome by applying only servo control without reducing vibration.
Many efforts have been made to reduce the vibration and noise of optical disk drives. First of all, vibrations related to optical disks were studied in various aspects. Since the angular speed of an optical disk changes, this change of the speed results in angular acceleration. When the optical disk has angular acceleration, the dynamic responses of a flexible spinning disk are influenced. These non-linear responses for a flexible spinning disk were analyzed by Chung et al. [1] . Optical disk drives such as CD-R, CD-RW or DVD drives have an additional vibration source due to the misalignment between the axis of symmetry and the axis of rotation, compared to hard disk drives. The natural frequencies and time responses of a flexible spinning disk misaligned with the axis of rotation were also studied [2] , [3] . Meanwhile, many researchers investigated the dynamic stability of a feeding system and optical pick-ups of optical disk drives [4] , [5] .
More active methods to reduce the vibration of an optical disk drive were applied. Examples of the methods are an automatic ball balancer and a vibration absorber. The various types of automatic ball balancers were studied [6] - [8] . The balancing performance of an automatic ball balancer equipped on the spindle motor of an optical disk drive was analyzed by Kim and Chung [9] . In their study, it was found that the natural frequency of not only the translational but also the rotational motion had an influence on the balancing performance of automatic ball balancers. Meanwhile, a vibration absorber was introduced to reduce the out-of-plane vibration of an optical disk drive around the resonance frequency when a wavy disk is spinning [10] .
Since the two methods mentioned above have drawbacks, a new type of a vibration absorber needs to be developed. When the spindle motor starts up, the automatic ball balancer yields severe noise and vibration. This phenomenon occurs because the balls slip inside the race of the balancer. For this reason, it is necessary to develop a new device which substitutes the automatic ball balancer. On the other hand, the old type of vibration absorber was designed to lessen the in-plane vibration only around the spindle speed corresponding to the natural frequency of the feeding system. Hence, this type of absorber is not useful to diminish the out-of-plane vibration of an optical disk drive when the spindle motor has a wide operating range of speed. Since the range of operating speed is generally wide in an optical disk drive and the in-plane vibration is more important than the out-of-plane vibration, it is necessary to develop a new type of vibration absorber to reduce the wide frequency rage of the in-plane vibration.
In this paper, a new vibration absorber is introduced to perform the reduction of the in-plane vibration for a wide range of spindle motor speed. A two-dimensional vibration model of the feeding deck system with the absorbers is established. Based on the model, the equations of motion are derived. After physical properties of the feeding deck system are obtained by experiments and measurements, the effects of the mass, stiffness and damping of the absorber on the vibration of the feeding deck are analyzed. Using the analysis results, a new type of vibration absorber is designed and a test sample of the feeding deck with the absorber is manufactured. Finally, the performance of the vibration absorber is evaluated experimentally.
II. MODELING
A configuration of the feeding deck system with the vibration absorbers is presented in Fig. 1 . The vibration absorber consists of an absorber mass and a rubber layer. Two vibration absorbers are attached on the sides of the feeding decks. A real feeding deck system has a movable pick-up inside the feeding deck. However, for simplicity of analysis, the pick-up is replaced by a rib type of solid plate, as shown in Fig. 1 . The spindle motor is installed on the feeding deck that is supported by four rubber suspensions. The test sample is manufactured to have the same mechanical properties as a real feeding deck. In other words, the sample and the real deck system possess the same mass and mass moment of inertia of the feeding deck as well as the same stiffness and damping factor of the rubber suspensions.
A two-dimensional model for vibration analysis is established as shown in Fig. 2 . Only the planar motion of the feeding deck is considered because the reduction of the inplane vibration is a main goal in this study. The feeding deck is assumed as a uniform rectangular plate in order to simplify the vibration model. The width and height of the plate are a and b , respectively. The mass and mass moment of inertia of the feeding deck are given by M and J. In Fig. 2 , the white rectangle and shaded rectangle represent the feeding decks at the initial position and at the moved position, respectively. Similarly, points O and O′ stand for the mass centers at the initial and moved positions. The position of the feeding deck is described by two translational coordinates, x and y, and one rotational coordinate, θ .
On the other hand, the vibration absorber is modeled as a mass-damper-spring system where m, c and k are the mass, damping factor and stiffness of the absorber. The mass moment of inertia of the absorber is neglected because the mass of the absorber is much less than that of the feeding deck. Under this assumption, the positions of the two absorbers can be defined by the translational coordinates 1 x and 2 x . Theses coordinates are the relative coordinates within the Y X ′ ′ coordinate system.
The four rubber suspensions play the roles of springs and dampers in the vibration model. In this study, the rubber suspensions are modeled as four identical linear springs with damping. The spring constant and the damping of the absorber factor are R k and R c . In the model, the disk/spindle motor system has a spinning speed ω , eccentricity e and eccentric mass e m .
III. EQUATIONS OF MOTION
To obtain the kinetic energy of the feeding deck system of Fig. 2 , the position vectors for the absorber masses and the feeding deck mass center need to be expressed in terms of x, y, θ , 1 x and 2
x . The position vector of O′ is given by
and the position vectors of the absorber masses are given by
where i and j are the unit vectors along the X and Y axes. The eccentric mass of the disk/spindle motor system has the position vector expressed as
Then, the kinetic energy of the feeding deck system can be written as 
where the superposed dot denotes differentiation with respect to time. As mentioned above, the mass moment of inertia for the absorber masses are neglected. Next, consider the potential energy of the feeding deck system. The displacements of the four corners of the feeding deck, where the rubber suspensions are attached, may be expressed as
Potential energy can now be computed by
On the other hand, the Rayleigh dissipation function F is represented by
The equations of motion for the feeding deck system with the absorbers are derived from Lagrange's equation given by
where k q are the generalized coordinates. For the given system, the generalized coordinates are x, y, θ , 1
x and 2 x ; therefore, the dynamic behavior of the system is governed by five independent equations of motion. Substitution of (5), (10) and (11) into (12) yields the coupled equations of motion.
Under the assumption that x, y, θ , 1
x , 2 x and e are small, the equations of motion can be simplified to 
It should be noted that (13), (15), (16) and (17) are coupled to each other while (14) is dependent on only y. This means that the presented vibration absorber is able to reduce only the vibration in the x direction theoretically. However, in reality, the vibration absorber can lessen the vibration in the y direction as well as in the x direction, because the actual absorber can move in both the x and y directions. For further analysis, it is convenient to express (13)−(17) as
where M is the mass matrix, C is the damping matrix, K is the stiffness matrix; the displacement vector x and the load vector F are given by The stiffness and damping factor of the rubber suspensions are determined from the frequency response function of the feeding deck system. The measurement setup for the frequency response function is presented in Fig. 3 . As shown in this figure, the feeding deck system of an optical disk drive is excited by a shaker (B&K 4808) and the input and output signals picked up by a force transducer (B&K 8202) and an accelerometer (B&K 4393). These two signals, from which the frequency response function is obtained, are analyzed by a 
spectrum analyzer (B&K 3560C).
The frequency response function for the feeding deck is presented in Fig. 4 , where Figs. 4(a) and 4(b) represent the magnitude and phase, respectively. The magnitude curve has a peak at 47.5 Hz that is the natural frequency of the feeding deck system. Furthermore, the phase angle shows a more clear evidence of resonance at this frequency. From the magnitude curve, the equivalent stiffness and damping factor of the rubber suspensions can be computed. The computed stiffness and damping factor are given by 3943 = 
V. ANALYSIS OF THE VIBRATION ABSORBER
The design objective is to determine the absorber mass m, damping factor c and stiffness k of the vibration absorber that is able to reduce vibration of the feeding deck for a relatively wide operating speed range of the spindle motor. The target range of the spindle motor speed is from 4,800 to 10,800 RPM, which corresponds to the range from 80 to 180 Hz. Since this range is relatively wide, an approach different from the conventional vibration absorber designs is required. Note that the conventional absorbers are to be designed for reduction of vibration at a specific frequency, e.g., the resonance frequency.
In order to design the vibration absorber, the frequency response functions need to be computed. The responses of (18) can be expressed as
where
, ω is the spindle motor speed and
Substitution of (20) into (18) 
where ) (ω α is the receptance matrix that contain the frequency response functions. The receptance matrix is given by
The effects of mass, stiffness and damping of the vibration absorber need to be investigated over the range of spindle motor speeds. The motor speed is able to cover the range of zero to 10800 RPM, which corresponds to the range of zero to 180 Hz. However, the most important range of the motor speed is from 7200 to 10800 RPM where the vibration of the feeding deck is severe. Practically, the servo control has difficulty in overcoming the severe vibration at this range. For this reason, the vibration absorber needs to be designed to reduce the vibration in the range of 7200 to 10800 RPM (120 to 180 Hz).
First, consider the effects of the absorber mass on the vibration of the feeding deck. It is convenient to define the ratio of the two absorber masses to the feeding deck mass as Fig. 7 . It is seen from this figure that a smaller damping factor is desirable to reduce the vibration in the rotating speed range of 120 to 180 Hz. It is also noted that the vibration of the feeding deck is influenced little below the speed of 120 Hz. A test sample for the feeding deck with the absorbers is manufactured in order to verify the performance of the vibration absorber. The material of the feeding deck is made of aluminum. If the mass center of the feeding deck does not coincide with the centroid, the feeding deck has a tilting motion. Since the tilting motion causes the out-of-plane vibration of the feeding deck, the test sample is designed for the mass center and the centroid to be overlapped. The rubber suspensions are placed symmetrically with respect to the centroid.
On the other hand, the natural frequencies due to the deformation of the feeding deck should be higher than the frequency range of the spindle motor speed. In order to confirm that the feeding deck should have much higher natural frequencies than the spindle motor speed, the natural frequencies are computed by using a commercial code of the finite element method, ANSYS. Fig. 8 shows the first mode shape for the test sample of the feeding deck whose corresponding natural frequency is 773 Hz. The natural frequency experimentally obtained with the manufactured sample is 761 Hz. From the computation and experiment, the natural frequencies due to deformation are acceptable.
The vibration absorber is designed to reduce the vibration of the feeding deck in the range of the spindle motor speed. The newly designed test sample is shown in Fig. 9 . The absorber mass is made of a steel bar that is inserted into a rubber bar. These assemblies are attached to the sides of the feeding deck.
The measured mass and mass moment of inertia for the feeding deck sample are 176 = M g and . The stiffness and damping of the absorber are not measured; however, the rubber bar is selected to have stiffness much higher than the rubber suspension stiffness.
The performance of the vibration absorber is evaluated by an experiment. A test setup for the evaluation of performance is presented in Fig. 10 , where an optical disk is loaded on the turntable in the feeding deck. As demonstrated in Fig. 10 , the spindle motor speed is controlled by a motor controller while this speed is measured by a tachometer. The vibration signals from the feeding deck are picked up by an accelerometer and they are analyzed by a spectrum analyzer. Two types of feeding decks are evaluated: the feeding decks with and without the vibration absorbers.
The vibration levels of the feeding decks with and without the vibration absorbers are presented in Fig. 11 . As shown in this figure, the vibration of the feeding deck with the absorber is reduced compared to the vibration of the deck without the absorber. In particular, a considerable amount of vibration is lessened in the spindle speed range of 120 to 180 Hz. At the spindle motor speed of 175 Hz or 10500 RPM, the vibration level of the feeding deck in the acceleration is 9.17 2 m/s when the deck has no absorber. However, the vibration level is reduced to 5.32 2 m/s when the vibration absorbers are attached to the feeding deck. Therefore, 42% of vibration is reduced by applying the absorbers.
VI. CONCLUSIONS
A new type of vibration absorber is proposed to reduce the in-plane vibration of an optical disk drive due to the mass unbalance of the disk and spindle system. After the vibration model for the feeding deck system with the vibration absorbers is established, the equations of motion are derived. Furthermore, the frequency response functions are obtained from the equations and the effects of the design parameters of the absorber are analyzed. Based on the analysis results, the vibration absorber is designed and manufactured. In addition, the performance of the absorber is evaluated. From this study, it is found that the proposed vibration absorber is able to reduce the vibration of the feeding deck system in a wide range of spindle motor speeds. It is also discovered that the mass ratio µ and the absorber stiffness k have a considerable influence on the performance of the vibration absorber. The usefulness of the absorber is verified from the experiment, which shows that the vibration level of the feeding deck can be reduced up to 40% if the absorber is adopted.
